oxidations which are parts of energy pathways are invariably linked to NAD by transhydrogenase support these suppositions. The purpose of this paper is to describe experiments designed to reveal the reactions involved in the initial series of events leading up to denitrification at the expense of asparagine by P. perfectomarinus.
A previous study (Rhodes, Best, and Payne, 1963) revealed that asparagine was the only simple substrate tested which served as an electron donor for denitrification by growing Pseudomonas perfectomarinus (ZoBell and Upham, 1944 Kaplan (1963) that NADP-linked oxidations which are parts of energy pathways are invariably linked to NAD by transhydrogenase support these suppositions. The purpose of this paper is to describe experiments designed to reveal the reactions involved in the initial series of events leading up to denitrification at the expense of asparagine by P. perfectomarinus.
MATERIALS AND METHODS Bacteria. P. perfectomarinus was cultured anaerobically at 25 C in carboys in a medium containing Tryptone (0.5%), sea salt (2.0%), KNO3 (0.1%), and yeast extract (0.15%). These are designated adapted cells. The completely filled carboys were fitted with rubber stoppers through which cotton-plugged glass tubes, topped with pinch-clamped rubber tubes, were arranged to act as release valves for the pressure of the liberated nitrogen.
Preparation of extracts. Cells were harvested by centrifugation after 24 hr, the pellets were frozen, and cell-free extracts were prepared by aluminagrinding at 4 C (levigated alumina, 2.5 g; frozen cells, 1.0 g; 0.067 M sodium-potassium phosphate buffer, pH 7.0, 2.0 ml). The extracts were clarified by centrifugation in the cold at 30,000 X g, refreezing, thawing, and centrifuging again for 50 min with the same force. Protein content was estimated as 47 to 50 mg per ml by the biuret method (Gornall, Bardawill, and David, 1949 Enzymatic and chemical assays. NAD-and NADP-linked oxidations were assayed by observing spectrophotometric changes in optical density at 340 m,u of appropriate reaction mixtures. In one experiment, FAD reduction was determined by assaying bleaching at 450 m, in anaerobic systems (Rhodes et al., 1963) . Oxaloacetic and pyruvic acids were determined chromatographically as their dinitrophenyl hydrazine derivatives, and asparagine and aspartic acid were identified on chromatograms (Block, Durrum, and Zweig, 1958) .
Release of NH3 from asparagine and aspartic acid was determined colorimetrically with the Nessler reagent. Fumarase was determined by the spectrophotometric method described by Massey (1955) . Fluorimetric demonstration of malic acid as an intermediate in the catabolism of asparagine and aspartic and fumaric acids was accomplished by the method of Loewus, Tchen, and Vennesland (1955) . Decarboxylation of malic and oxaloacetic acids was determined manometrically.
RESULTS
Preincubation of asparagine with dialyzed extracts of adapted P. perfectomarinus revealed that the rate of reduction of NADP varied directly with the time of coenzyme addition up to 10 min. Moreover, aspartic and fumaric acids were oxidized in NADP-linked reactions at peak rates only after preincubation. Malic acid, however, was oxidized at its most rapid rate irrespective of preincubation.
A series of enzymatic events which can account for these results is the conversion of asparagine to malic acid before oxidation takes place. The enzymes necessary for the conversion successively from asparagine to aspartic to fumaric to malic acid were, therefore, determined.
Asparaginase and aspartic acid deaminase were observed in combined action when asparagine was incubated with the extracts (Fig. 1) . The deaminative reaction was revealed to be reversible by chromatographic demonstration of aspartic acid in reaction mixtures initially containing fumaric acid and NH3.
The presence of fumarase in the extracts, more active at pH 8.5 than at 7.5 or 9.5, was then demonstrated, making it possible to provide malic acid for oxidation. Finally, the conversion of asparagine, aspartic acid, and fumaric acid to malic acid, when each was provided in the absence of NADP, was then demonstrated by fluorimetric assay.
Malic acid was, however, a poor substrate when supplied as a sole source of carbon for whole cells in minimal sea-salt medium. Under the cultural conditions previously used for testing potential electron donors (Rhodes et al., 1963) , exogenously supplied malic acid did not support gas release.
A specific requirement for NADP as the primary electron acceptor in what seemed to be oxidation of asparagine, as previously revealed (Rhodes et al., 1963) , was demonstrated anew for malic acid in several experiments. Addition of a limiting quantity of NADP at "zero" time, or after 10 min, to reaction mixtures containing excess malic acid resulted in very rapid oxidation (Fig. 2) . Subsequent addition of NAD permitted continuing reduction of the nicotinamide coenzymes. If NAD were provided first, however, at either "zero" time or after 10 min (Fig. 3) , there was no optical density change before NADP was added; the optical density change was then sufficient to account for reduction of both nicotinamides.
Another significant observation indicating the operation of a transhydrogenase was obtained when NADPH2, reduced NAD (NADH2), or a combination of NADPH2 and NAD were incubated with FAD or FMN and cell-free extracts (Fig. 4) . NADH2, or NADPH2 plus NAD, permitted rapid bleaching of the flavines, whereas NADPH2 alone was not a donor for a significant rate of flavine reduction.
The products of malic acid dissimilation in the Complete system contained: Tris buffer (pH 8.0 with asparagine, 40 ,umoles; pH 8.5 with aspartic acid, 32 ,moles), extract protein, 5 mg; final volume, 1.0 ml. Incubated at 30 C, and the reaction stopped by addition of 1.0 ml of 10% trichloroacetic acid. After centrifugation, 0.1-ml samples were neutralized with NaOH. Gum ghatti and Nessler's reagent were added; systems were brought to 10 ml with water, and were assayed colorimetrically with an (NH4)2SO4 standard curve for reference. Kaplan's (1963) A manual of paper chromatography and paper electrophoresis. Academic Press, Inc., New York.
